for the NLST Overdiagnosis Manuscript Writing Team IMPORTANCE Screening for lung cancer has the potential to reduce mortality, but in addition to detecting aggressive tumors, screening will also detect indolent tumors that otherwise may not cause clinical symptoms. These overdiagnosis cases represent an important potential harm of screening because they incur additional cost, anxiety, and morbidity associated with cancer treatment.
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Supplemental content at jamainternalmedicine.com S creening for lung cancer has been proposed for decades. It is fundamentally based on the principle that tumors will be detected at a smaller size and earlier stage, when treatment is more effective, resulting in a reduction in lung cancer mortality. 1, 2 An ideal screening program targets individuals at the highest risk of lung cancer, uses a cost-effective test to detect tumors at an early stage, and efficiently excludes patients with clinically insignificant abnormalities.
Unfortunately, there is currently no ideal screening test for lung cancer, and a clear understanding of the risks and benefits should be considered in the design of a population-based screening program. Low-dose computed tomography (LDCT) has been suggested as a screening tool for lung cancer, and recent results from the National Lung Screening Trial (NLST) demonstrated an encouraging 20% relative reduction in lung cancerspecific mortality compared with screening using chest radiography (CXR). 3 Whereas the decrease in mortality highlights the primary benefit of screening, the trial also found more cases of lung cancer in the LDCT group compared with the CXR group; this is a limitation of screening because some of these tumors may be indolent and clinically insignificant.
In previous CXR lung cancer screening trials, more lung cancers were detected in the screened arm than in the observational group. [4] [5] [6] The excess number of early-stage lung cancers, even after extended follow-up, is usually attributed to overdiagnosis. 7, 8 Overdiagnosis is defined as the detection, usually by screening, of a cancer that would not otherwise have become clinically apparent; overdiagnosis is often an intrinsic feature of screening, which by definition seeks to detect occult disease in asymptomatic individuals. Overdiagnosis is 1 of the limitations of screening because it incurs unnecessary treatment, morbidity (and mortality in rare cases), follow-up, cost, and anxiety and labels a patient with a disease that otherwise would never have been detected. 9 Estimating the true level of overdiagnosis in a screening trial such as the NLST requires a sufficiently long period of postscreening follow-up because there is typically a "catch-up" period in the nonscreened arm, during which more cases of cancer are diagnosed and potentially catch up to the greater number of cases detected earlier in the screened arm. The length of the potential catch-up period is related to the lead time associated with the screening modality, where the lead time is the difference between the time when diagnosis would have been made without screening and the time that the diagnosis was actually made as a result of early detection by screening.
In the NLST, there were 4 to 5 years of follow-up after screening, which may not be sufficient to detect all cancers in the control CXR arm; with longer follow-up, additional catch-up may occur. Therefore, the present study calculated rates of excess cancers in the LDCT vs CXR arm, for all lung cancer and for various histologic subtypes. These excess cancer rates provide an upper bound on the true overdiagnosis rate associated with LDCT screening relative to CXR screening.
To complement the descriptive analysis, we also developed a standard convolution-type model that when fit to the NLST data can be used to estimate overdiagnosis and excess cancer rates over various screening scenarios different from that used in the NLST.
Methods

Design and Overview of the NLST
A detailed description of the NLST design, methods, and initial results has been previously reported; the present study used extended follow-up data through December 31, 2009. 3 From August 2002 through April 2004, 53 452 individuals at high risk for lung cancer, with at least a 30 pack-year history of cigarette smoking (former smokers had quit within the past 15 years), between the ages of 55 and 74 years were enrolled at 33 US medical centers into a prospective screening trial. The study protocol was approved by the institutional review board at each of the 33 screening centers, and written informed consent was obtained from each participant before randomization. All participants were randomly assigned to receive either 3 annual LDCT studies (26 722 participants) or 3 annual singleview posterior-anterior CXRs (26 730 participants) and then observed for up to an additional 5 years. The primary trial objective was to determine the effect of LDCT screening vs CXR screening on lung cancer mortality.
Lung cancer diagnoses were ascertained primarily through standardized forms administered to study participants at 6-month or 1-year intervals, which inquired about any recent cancer diagnoses. Trained abstractors confirmed reported cases of lung cancer using medical records and pathology reports. A screen-detected cancer was defined as a cancer diagnosed within 1 year of a positive screening result or diagnosed after a longer period on the basis of diagnostic procedures prompted by the screen.
Excess Cancer Cases
Here we use 2 definitions of an excess cancer rate, 1 emphasizing the clinical perspective (denoted P S ) and 1 emphasizing a more public health perspective (denoted P A ). For each, the numerator of the rate is the same, namely, the number of excess lung cancer cases in the LDCT arm as compared with the CXR arm, ie, the difference in the total count of lung cancers between the LDCT and CXR arms. For P S , the denominator is the total number of screen-detected lung cancer cases in the LDCT arm. The quantity P S is a measure of the probability that a participant's LDCT screen-detected cancer would not have become clinically apparent during the given screening phase if LDCT screening had not been performed. For P A , the denominator is the total number of lung cancers diagnosed in the LDCT arm. Thus, P A is the fraction of all lung cancer cases diagnosed during a given period in a cohort who underwent LDCT screening that would not have been diagnosed during that period absent the LDCT screening. We estimated these 2 indices using the observed lung cancer counts from the NLST; confidence intervals were obtained using bootstrapping. We also estimated the number of cases that were considered overdiagnosis, relative to the number of participants needed to screen to prevent 1 death from lung cancer.
Values of P S and P A were estimated for all lung cancer, all non-small cell lung cancer (NSCLC), bronchioloalveolar carcinoma (BAC), and NSCLC excluding BAC. As described in the Introduction, these excess cancer rate estimates represent an upper bound to true overdiagnosis rates because the postscreening follow-up period in the NLST may not have been long enough to totally differentiate overdiagnosis from the effects of lead time.
We estimated the number of overdiagnoses relative to the number needed to screen to prevent 1 lung cancer death as the number of excess lung cancer cases in the LDCT arm of the NLST divided by the difference in lung cancer deaths in the LDCT and CXR arms of the NLST.
Convolution Model Based on NLST Data
In addition to the aforementioned descriptive analysis of excess cancers from the NLST, we also fit a standard convolution model to the NLST data to estimate excess cancers relative to no screening and excess cancers expected if follow-up continued lifelong. The convolution model postulates a preclinical phase of disease and a mean sojourn time in that phase before clinical diagnosis; the model also estimates the sensitivity of screening (here with LDCT or CXR). 10, 11 See eAppendix (in Supplement) for more details.
Separate models were fit for BAC and non-BAC NSCLC. Simulations were then run using the fitted model parameters to compute excess cancer rates under various screening regimens. Excess cancer rates P A and P S were defined similarly as in the descriptive analysis, although as stated, rates were computed both relative to CXR screening and relative to no screening (see eAppendix in Supplement for further details).
Results
Empirical Estimates of Overdiagnosis
The total numbers of lung cancer cases by year and by study arm are shown in Table 1 . The mean follow-up in the LDCT arm was 6.41 years, and the mean follow-up in the CXR arm was 6.37 years. Table 2 shows the number of screen-detected and non-screen-detected cases of lung cancer in each arm according to general histological categories.
At the end of the entire trial, there were 1089 total lung cancer cases in the LDCT arm (649 detected by LDCT screening) and 969 cases in the CXR arm, for an excess of 120 cases. This gives excess cancer rates P S and P A of 18.5% (95% CI, 5.4%-30.6%) and 11.0% (95% CI, 3.2%-18.2%), respectively ( Table 3) .
With respect to excess cancer rates for NSCLC, there were a total of 926 cases in the LDCT arm and 793 cases in the CXR arm, for a difference of 133 cases. Excess cancer rates were P S = 22.5% (95% CI, 9.7%-34.3%) and P A = 14.4% (95% CI, 6.1%-21.8%). There were 111 cases of BAC in the LDCT arm and 36 in the CXR arm, giving excess cancer rates of P S = 78.9% (95% CI, 62.2%-93.5%) and P A = 67.6% (95% CI, 53.5%-78.5%). From the original NLST report, 3 the number needed to screen to prevent 1 lung cancer death was 320. There were 443 and 356 lung cancer deaths in the CXR and LDCT arms, respectively, giving a difference of 87. As mentioned, there was an excess of 120 lung cancer cases in the LDCT compared with the CXR arm. Therefore, the number of cases of overdiagnosis found in the 320 participants needed to screen to prevent 1 death from lung cancer is 120/87 = 1.38.
Model-Based Estimates
In general, the model fits the NLST data relatively well. The fit of the model, demonstrated by observed vs expected (modeled) case counts by mode of detection, time, and arm (LDCT vs CXR), is provided in eTable 1 (in Supplement).
The parameter estimates for NSCLC and BAC using the convolution model are shown in Table 4 . The mean sojourn time for non-BAC NSCLC was 3.6 (95% CI, 3.0-4.3) years. This implies that 24.1% (42.4%) of cases would become clinically apparent within 1 year (2 years) of entering the preclinical phase (assuming no other-cause mortality). Estimated sensitivity was 83% (95% CI, 72%-94%) for LDCT and 33% (95% CI, 26%-42%) for CXR. For BAC, estimated sensitivity was 38% (95% CI, 7%-62%) for LDCT and 4% (95% CI, 1%-9%) for CXR. Mean sojourn time for BAC was 32.1 (95% CI, 17.3-270.7) years, with 14.4% (26.8%) of cases becoming clinically apparent in 5 (10) years.
Estimates of excess cancer rates (P S ) with LDCT under various screening scenarios are shown in Table 5 . For the NLST scenario of 3 screens and roughly 7 years of total follow-up, the excess cancer rates for all NSCLCs were 31% vs no screening and 19% vs CXR. For BAC under this scenario, rates were 85% (vs no screening) and 71% (vs CXR), whereas for non-BAC NSCLCs, rates were 21% (vs no screening) and 9% (vs CXR). For NLST screening (ie, 3 annual screens) but with lifetime follow-up, excess cancer rates decreased substantially, to 11% (vs no screening) and 9% (vs CXR) for all NSCLCs and 2.6% (vs no screening) and 1.2% (vs CXR) for non-BAC NSCLCs; rates for BAC were 49% and 41%, respectively. These latter rates, with lifetime follow-up, are thus estimates of actual overdiagnosis rates. Under a scenario of 5 annual screens and 5 years of total follow-up, excess cancer rates for non-BAC NSCLC were relatively high, 45% compared with no screening and 16% compared with CXR. However, with follow-up extended through participants' lifetimes, excess cancer rates were similar to those for 3 annual screens.
On the basis of the estimate for non-BAC NSCLC of a mean sojourn time (and mean lead time) of 3.6 years, approximately 25% of non-BAC NSCLC tumors would have lead times of longer than 5 years. This helps explain why the non-BAC NSCLC excess cancer rate decreased substantially when the follow-up was changed from 7 years total (5 years past the last screen) to lifetime follow-up.
Discussion
Screening for lung cancer with LDCT in the NLST showed a 20% relative reduction in mortality, and 320 participants were needed to screen to prevent 1 lung cancer death. These findings were met with enthusiasm, but before a widespread public health screening program is implemented, risks of screening also need to be considered. One of the limitations and potential harms is overdiagnosis because it is not clear that all early-stage lesions detected in asymptomatic individuals will progress to cause symptoms and affect long-term outcome. These patients may undergo an invasive diagnostic procedure, have surgical resection, be given a diagnosis of lung cancer, and require multiple sequential follow-up studies when some tumors are potentially clinically insignificant. These cases of overdiagnosis are treated as any other lung cancer because it is generally not possible to distinguish indolent lesions from more aggressive tumors.
The true extent of overdiagnosis in lung cancer is difficult to determine because most of what we know about this disease is derived from symptomatic patients. 10 It is not possible to perform a trial that biopsies every pulmonary nodule and follows a randomized group of patients with lung cancer in an observational arm without therapy to determine the natural progression of the disease. However, there are studies that suggest some degree of overdiagnosis in lung cancer. First, prior screening trials with CXRs found an excess number of cancers in the screened arm, without a reduction in mortality. 6, 11, 12 This excess of lung cancer cases was attributed to overdiagnosis. Second, autopsy studies have shown that patients die with undiagnosed lung cancer, and it is not the cause of death. 13, 14 Third, LDCT screening trials from Japan found that when the population of a geographic region was screened without discriminating on risk factors such as smoking, the lung cancer rates were often similar between smokers and nonsmokers, suggesting that the more patients undergo imaging, the more tumors are found. 15, 16 And finally, a recent study used volume-doubling times on sequential LDCT to estimate overdiagnosis and suggested that approximately 25% of cases may be indolent. 17 The present analyses were performed to provide an empirical estimate of, or at least an upper bound on, the magnitude of overdiagnosis in the NLST so that the impact on mass screening programs could be understood. As mentioned, the follow-up in the NLST may not have been long enough to account for the lead time of all LDCT-detected cancers, particularly because tumor growth rates are quite variable and do not consistently follow classical expected exponential growth curves. 18 On the basis of the convolution model developed here, approximately 25% of non-BAC NSCLC tumors would have lead times of at least 5 years, or longer than the period from final NLST screen to end of follow-up. Thus, it is likely that some additional catch-up would occur in the NLST with longer follow-up because of CXR arm diagnosed cancers whose counterparts in the LDCT arm had a long lead time.
The data from this study suggest that, at most, 18% of persons in the LDCT arm with screen-detected lung cancer (P S ) and 22% of those in the LDCT arm with screen-detected NSCLC may be cases of overdiagnosis. In other words, if these individuals had not entered the NLST, they would not have received a lung cancer diagnosis or treatment, at least for the next 5 years. This is most striking in patients with a diagnosis of BAC.
In the new International Association for the Study of Lung Cancer histologic classification of adenocarcinomas, many of these tumors would be designated as minimally invasive adenocarcinomas, suggesting an indolent behavior and good longterm outcome. 19 These data raise the question as to the necessity and type of therapy required if a diagnosis of minimally invasive adenocarcinoma is established and challenge the diagnostic community to develop a classification scheme that could accurately phenotype all lung tumors.
In addition to the NLST data, the present study used a convolution model to explore the effect of other screening scenarios on overdiagnosis. The modeling generally provides a good fit to the NLST data and is useful for several reasons. First, it makes it possible to estimate excess cancers relative to no screening (and not just to CXR screening). Second, with the model, one can extrapolate to different screening and follow-up scenarios, not just what was observed in the NLST. Third, by extrapolating beyond the NLST follow-up period, the model can provide an estimate of actual overdiagnosis rates and not just an upper bound. Finally, the model may also be used to determine how overdiagnosis varies by lung cancer risk. Using the model, we found that the excess cancer rate associated with 3 annual LDCT screens decreased substantially in changing from the NLST follow-up (approximately 5 years after screening) to lifetime follow-up, with the latter estimates representing true overdiagnosis. There was a relatively low rate of true overdiagnosis for non-BAC NSCLC of approximately 3% (relative to no screening), although BAC still had high rates of overdiagnosis (approximately 50%).
The model also found that overdiagnosis rates with LDCT were greater relative to no screening than relative to screening with CXR. These data are consistent with prior screening trials using CXR and sputum cytologic analysis as compared with no screening in the standard of care group because the CXR group had an excess number of cases of lung cancer.
As with any model, one should be cautious in extrapolating much beyond the data on which the model was based, which in this case are 3 annual screens and a total of approximately 7 years of follow-up. Therefore, the estimates of true overdiagnosis, based on the lifetime follow-up scenarios, must be treated cautiously. Furthermore, the model does not always reflect true clinical practice because patients are not as 
